Insufficient or excessive thyroid hormone (TH) levels during fetal development can cause long-term neurological and cognitive problems. Studies in animal models of perinatal hypo-and hyperthyroidism suggest that these problems may be a consequence of the formation of maladaptive circuitry in the cerebral cortex, which can persist into adulthood. Here we used mouse models of maternal hypo-and hyperthyroidism to investigate the long-term effects of altering thyroxine (T4) levels during pregnancy (corresponding to embryonic days 6.5-18.5) on thalamocortical (TC) axon dynamics in adult offspring. Because perinatal hypothyroidism has been linked to visual processing deficits in humans, we performed chronic two-photon imaging of TC axons and boutons in primary visual cortex (V1). We found that a decrease or increase in maternal serum T4 levels was associated with atypical steady-state dynamics of TC axons and boutons in V1 of adult offspring. Hypothyroid offspring exhibited axonal branch and bouton dynamics indicative of an abnormal increase in TC connectivity, whereas changes in hyperthyroid offspring were indicative of an abnormal decrease in TC connectivity. Collectively, our data suggest that alterations to prenatal T4 levels can cause long-term synaptic instability in TC circuits, which could impair early stages of visual processing.
Introduction
Thyroid hormones (TH) play a critical role in fetal development including neurogenesis and the formation of neural circuitry important for sensory processing (Ruiz-Marcos et al. 1979 , 1983 Koibuchi and Chin 2000; Berbel et al. 2010; Horn and Heuer 2010; Gilbert and Lasley 2013; Rovet 2014) . Thyroxine (T4) serves as the precursor for the active form of TH, triiodothyronine (T3), and is maternally supplied during pregnancy (Calvo et al. 1990 (Calvo et al. , 2002 Rovet 2014) . Consequently, children born from mothers who are hypothyroid during pregnancy are at high risk for longterm neurological and cognitive deficits, including impairments in core visual functions and visual processing (Mirabella et al. 2005; Rovet and Simic 2008; Simic et al. 2013; Rovet 2014) . Indeed, it is appreciated that even relatively small reductions in maternal T4 levels are associated with poor neurodevelopmental outcome (Zoeller and Rovet 2004; Horn and Heuer 2010) . Infants born premature with mild, transient hypothyroidism are also at risk (Delahunty et al. 2010; Williams et al. 2012 ). In addition, while there are reports that excessive T4 levels during pregnancy or overtreatment of hypothyroidism are also associated with neurodevelopmental abnormalities (Daneman and Howard 1980; Kopelman 1983; Bongers-Schokking and de Muinck Keizer-Schrama 2005) , the effects of prenatal hyperthyroidism are not as well understood.
In animal models, several studies have shown that perinatal hypothyroidism can cause meso-and microscale disturbances in the maturation of neuronal connectivity in sensory cortices (Berbel et al. 1985 (Berbel et al. , 1993 (Berbel et al. , 2010 Ipina et al. 1987; Ruiz-Marcos et al. 1994; Navarro et al. 2014) . The development and maturation of callosal and thalamocortical (TC) axonal projections are particularly vulnerable to severe TH insufficiency. Severe hypothyroidism during pre-and postnatal development causes reductions in TC axon innervation density, branching, and bouton density in individual barrels of rat somatosensory cortex (Auso et al. 2001) . Rats exposed to a combination of pre-and postnatal hypothyroidism exhibit abnormal laminar connectivity of callosal axons in auditory and visual cortices in adulthood (Berbel et al. 1985 (Berbel et al. , 1993 Lucio et al. 1997) . It is likely that such defects in axonal connectivity, together with reductions in inhibitory interneurons caused by late gestational hypothyroidism, can render cortical circuits prone to abnormal plasticity and maladaptation throughout life (Berbel et al. 1996; Gilbert et al. , 2014 . Finally, there is some evidence from work in rat cerebellar cortex and hippocampus that long-term postnatal hyperthyroidism also has a clear effect on the maturation of neural circuitry at the structural level (Nicholson and Altman 1972; Lauder 1977 Lauder , 1978 . However, there is a paucity of animal studies demonstrating the effects of early hyperthyroidism on neocortical circuit development and long-term function (Marta et al. 1998; Bruno et al. 2003; Ahmed et al. 2012) .
Recent work using chronic two-photon imaging of axons in live mice has shown that axons exhibit ongoing changes in connectivity in sensory cortices throughout adulthood (De Paola et al. 2006; Gogolla et al. 2007 ). Branches of cortico-cortical and TC axons, as well as individual synapses, can be monitored over time using this approach. Prior work has shown that largescale synaptic remodeling of TC axons occurs in layer 1 of adult somatosensory cortex (De Paola et al. 2006 ). This remodeling largely occurs through the extension (growth) and retraction (loss) of distal axonal branch tips, which is accompanied by the gain and loss of en passant boutons (EPBs). Importantly, such structural changes are well correlated with functional plasticity (Oberlaender et al. 2012; Canty et al. 2013; Grillo et al. 2013) . Anatomical changes to TC axons and synapses in primary visual cortex (V1) accompany functional changes in neuronal activity that underlie synaptic plasticity (Antonini and Stryker 1993; Wiesel 1999; Coleman et al. 2010; Khibnik et al. 2010) . Thus, monitoring structural changes to TC axons and EPBs can provide an anatomical readout for steady-state changes in connectivity that could influence cortical function.
The aim of this study was to improve our understanding of the long-term effects of prenatal hypo-and hyperthyroidism on the ongoing maintenance of neuronal structure and function in the cerebral cortex and ultimately, how these conditions affect visual learning and behavior. While rat models for studying pre-and/or postnatal hypothyroidism are widely used, mouse models are not as common. Furthermore, rat and mouse models of prenatal hyperthyroidism are even less common and the effects of excessive T4 on neural development and long-term neural function are poorly understood. Therefore, here we developed mouse models of maternal hypo-and hyperthyroidism by administering methimazole (MMI) or levo-thyroxine (LT4) during pregnancy to lower or raise maternal T4 levels, respectively. We then performed chronic two-photon imaging of TC axons and EPBs in V1 of adult offspring. We found that both prenatal hypo-and hyperthyroidism are associated with atypical steady-state dynamics of TC axons and associated synapses in V1 of adult mice.
Materials and Methods

Animals
Male and female C57BL/6 mice (6-8 weeks) were obtained from Charles River and housed under 12-h light/dark conditions at the University of Florida (UF). All animal procedures were performed in accordance with NIH Guide for the Care and Use of Laboratory Animals (NIH publication no. 86-23, revised 1987) and were approved by the Institutional Animal Care and Use Committee at UF. As described below, measures were taken to minimize pain or discomfort. Harem matings were used for producing timed pregnancies. Pups were weaned at postnatal day (P) 18 following surgeries as described below. A total of 86 pregnant dams were used for this study (49 of which gave birth to surviving pups, Supplementary Table 1) . A detailed breakdown of how these animals and their offspring were used throughout the study is provided in Supplementary Tables 2 and 3 .
Maternal Hypo-and Hyperthyroid Mouse Model and Thyroxine (T4) Assays
Pregnant dams were randomly assigned to 1 of 3 experimental groups. Dams were treated daily between embryonic age (E) 6.5 and E18.5 with vehicle (n = 5), MMI (20 mg/kg in water, n = 6), or LT4 (0.2 mg/kg in PBS, n = 8) (Sigma-Aldrich, St. Louis, MO). MMI was delivered intragastrically with an oral gavage needle and LT4 was delivered via intraperitoneal injection (Fig. 1A) . Control mice received corresponding doses of vehicle. Pups remained with their mothers until weaning. In a separate group of mice, 100 μL of blood was collected from the dams on days corresponding to E13.5 and E18.5 via the facial vein (Supplementary Table 2 ; control, n = 10; MMI, n = 7; LT4, n = 5-7). Once the pups reached P5, the mother and her pups were euthanized with CO 2 and blood was then immediately collected from the mother by cardiac puncture (control, n = 9; MMI, n = 7; LT4, n = 5) and from pups (control, n = 6; MMI, n = 5; LT4, n = 3) after decapitation. Blood samples were centrifuged at 3000 rpm for 10 min. Sera were decanted and frozen at −80°C until use. T4 levels were determined using a mouse/rat T4 ELISA according to the manufacturer's instructions (GenWay Biotech, Inc., San Diego, CA).
Lentiviral Vector
Lentiviral vector (LV-Syn-farGFP; stock# VSVG.HIV.SIN.ratSyn. FarGFP.WP; ∼1 × 10 9 transducing units/mL) suspended in PBS was prepared by the University of Pennsylvania Vector Core. The transducing plasmid vector carrying the expression cassette pLL3.7-Syn-farGFP was a gift from Yasunobu Murata and Martha Constantine-Paton. The expression cassette consisted of a 1.2 kb fragment of the rat synapsin promoter (Dittgen et al. 2004 ) driving farnesylated GFP. The synapsin promoter fragment (from pFSy (1.1)GW, a gift from Pavel Osten, Addgene plasmid # 27232) was inserted between the Not1 and Age1 sites of pLL3.7 (a gift from Luk Parijs, Addgene plasmid # 11795) to create pLL3.7-Syn-GFP. The farnesylated GFP was constructed by inserting annealed oligonucleotides (sense = 5′-GTACAAGTCCGGACTCAGATCTAAG CTGAACCCTCCTGATGAGAGTGGCCCCGGCTGCATGAGCTGCAA GTGTGTGCTCTCCTGAG-3′; antisense = 5′-AATTCTCAGGAGAGC ACACACTTGCAGCTCATGCAGCCGGGGCCACTCTCATCAGGAGGG TTCAGCTTAGATCTGAGTCCGGACTT-3′) between the BsrGI and EcoRI sites of the 3′-end of GFP in pLL3.7-Syn-GFP to create pLL3.7-Syn-farGFP.
Cranial Window Surgery
Mice (P18) were anesthetized with a mixture of ketamine and xylazine and 0.1-0.5% isoflurane and prepared for cranial window surgeries as described (Mostany and Portera-Cailliau 2008) , along with the following modifications. Because prior work has already shown that TC axons exhibit steady-state structural dynamics in sensory cortices of adult male mice (De Paola et al. 2006) , only male mice were used for the two-photon imaging study. Prior to the craniotomy, a small headpost was affixed to the skull with glue and bone cement anterior to bregma and used to secure the head to a modified stereotaxic frame. After adjusting the animal's head to lie in the stereotaxic plane, an injection pipet was placed 1.70 mm posterior from bregma and 3.30 mm lateral from the midline suture, the point was marked on the skull, and then moved out of the way. The head was rotated 30°clockwise, and lateral movements were made to reposition the pipet over the marked site and again raised out of the way. Immediately following the craniotomy, care was taken to minimize brain compression and gently penetrate the dural surface with the injection pipet. The pipet was lowered 2.60 mm below the ventral surface to target the dorsal lateral geniculate nucleus (dLGN), the visual portion of the thalamus that contains relay neurons that project axons directly to V1. A Nanoliter 2010 injector driven by a Micro 4 pump controller (World Precision Instruments) was used to slowly infuse 130 nL of LV-Syn-farGFP at 15 nL/s at 2.60, 2.45, and 2.30 mm dorsoventrally. The pipet was left in place for 5-10 min after the last injection and then slowly removed. A 4.0-mm glass coverslip (No. 1 thickness, World Precision Instruments) was placed over the dura and anchored to dry skull using high-viscosity cyanoacrylate glue. Glue was applied all around the coverslip to create an airtight seal. Bone cement (Palacos-R) was then applied over the glue and to the skull immediately surrounding the window. Any remaining exposed skull was covered with dental cement (Orthojet) and the animals were allowed to recover with heat after receiving lactated Ringer's solution (0.1-0.2 cc). Animals were given carprofen (50 mg/kg) for management of postoperative pain and discomfort and singly housed until imaging.
Two-photon Imaging
Five male mice were prepared for imaging from each group, but some were subsequently excluded from the study because their cranial windows were not optically clear and could not be imaged (Supplementary Table 3 ). Imaging of TC axons in V1 was performed using a customized Thorlabs B-scope two-photon laser scanning microscope fitted with a Ti::Sapphire light source (Vision II, Coherent). GFP-labeled axons were imaged at a wavelength of 930 nm. Three-dimensional images (image Z-stacks) were comprised of a "stack" of two-dimensional XY images where each image in the stack represented a single step of 1.0 μm in the focal plane (i.e., Z-dimension). One to 3 image Zstacks were acquired on each imaging day using a Nikon 25× water-immersion lens (N.A. 1.1). Laser power was incrementally increased by the acquisition software (Thorimage) with increasing cortical depth and ranged from 20 to 60 mW at the objective. Two imaging sessions (day 1 and day 2; 2048 × 2048 pixels; pixel scale = 0.5 × 0.5 μm) were performed for each animal (mean imaging interval = 44.2 ± 6.8 days; day 1 mean age = 62.4 ± 2.5 days, range = 55-83 days; day 2 mean age = 106.6 ± 7.5 days, range = 82-127 days). Subjects were anesthetized using 3.0% isoflurane and maintained on 1.0-1.5% isoflurane during imaging sessions. Imaging sessions typically lasted 1-2 h depending upon the number of regions imaged. Axonal branches were imaged up to ∼300 μm dorsoventrally from the pia, which corresponds to layer 1 and layer 2/3, but images typically spanned between 20 and 150 μm from the pial surface. In all but 2 cases, the imager was blind to treatment history.
Histology
A separate group of animals in another study was used to verify the accuracy of targeting injections to the dLGN and two-photon imaging in V1. For cortical labeling of the imaged area, a small hole was drilled in the glass coverslip using a diamond bit (1/12″ bit, 3/32″ shank; DiamondBurs.Net, LLC) fitted to a highspeed micro drill (Fine Science Tools). Mice were perfused and their tissue was processed as previously described (Coleman et al. 2009 (Coleman et al. , 2010 . One hundred micrometer-thick serial sections were cut on a vibratome. In some cases, the location of lentivirus injections, axon labeling and imaging in V1 was confirmed post hoc by marking the imaged region with a retrograde tracing dye (cholera toxin B-subunit tagged with Alexa-647 fluorescent dye, Invitrogen) (Coleman et al. 2009 ).
Image Analysis
Only imaged regions and structures that could be clearly identified in both images were used for analysis. All analyses were performed blind to condition using the "simple neurite tracer" plugin for FIJI/ImageJ image processing software (http://fiji.sc/wiki/) and custom-written software for MATLAB (MathWorks). In some cases, a second independent, blind researcher confirmed branch tip identification and measurement analysis. The change in length (ΔL) of identified axonal branch tips between images was calculated as follows:
To estimate measurement noise (De Paola et al. 2006) , the distance between 5 and 10 fiduciary points in each image Z-stack was measured and the average used to compute a measurement noise factor, σ, for each stack. σ noise was defined as the average of σ (1.38 μm). Therefore, branch tip length changes greater than σ noise are greater than the stochastic fluctuations in the images due to changes in head position, breathing, and blood flow. Each branch tip was considered an n within each group (control, n = 261 from 3 mice; MMI, n = 116 from 4 mice; LT4, n = 220 from 3 mice). For comparisons of the magnitude of branch tip extensions and retractions, positive-and negative-going values were separated and means for each group were calculated using only values that were >2σ noise , a threshold that reliably represented significant branch tip movement. Prior work has shown that synapses can be readily identified and objectively quantified via two-photon imaging of GFP-labeled TC axons and careful analysis of EPBs (De Paola et al. 2006; Grillo et al. 2013) . Therefore, EPBs along partial axons reconstructed from spared branches that were clearly visible in imaged regions were scored and classified as follows. First, segmentation of each image Z-stack was performed using the "fill out" function of the simple neurite tracer plug-in and a threshold of 0.5-0.8, which generated a segmented 3D image of only traced branches. Putative EPB regions, defined as bright swellings along the axon backbone, were identified using local intensity maxima in thresholded maximum-intensity Z-projections of the segmented axon arbor tracings from day 1 images. The Cartesian coordinates of putative EPBs were stored using the region of interest (ROI) manager tool in Fiji/ImageJ. ROIs (7 × 7 pixels, 3.5 × 3.5 μm) were then manually adjusted for the day 1 images and placed over corresponding EPB locations in the day 2 images. The brightness of each bouton ROI was then calculated by summing the gray values within each ROI in segmented image Z-stacks. Next, 10-pixel (5-μm) wide ROIs were placed along the axonal backbone within 6 μm of each bouton ROI. If the bouton ROIs were too tightly packed, measurements were placed at the ends of each cluster or the closest axonal backbone region. The brightness of each axonal backbone ROI was then calculated by summing the gray values in segmented image Z-stacks.
Putative EPBs were then classified as stable, lost, or gained based on a threshold that was derived as follows. The foldbrightness of each EPB was calculated by dividing it by the average of the 2 nearest axonal backbone brightness values (EPB fold ). The standard deviation of EPB fold for all boutons within a given image (std fold ) was then used to classify each individual ROI (i.e., putative bouton) as follows:
Stable EPB ¼day 1ðEPB fold > 0:5 × std fold Þ and: : : day 2ðEPB fold > 0:5 × std fold Þ EPB loss ¼day 1ðEPB fold > 0:5 × std fold Þ and: : : day 2ðEPB fold < 0:5 × std fold Þ EPB gain ¼day 1ðEPB fold < 0:5 × std fold Þ and: : : day 2ðEPB fold > 0:5 × std fold Þ Similar measurements and criteria have been shown to reliably predict the presence of synapses in TC axons in mouse neocortex (De Paola et al. 2006; Grillo et al. 2013 ). The percentage of dynamic, lost, and gained EPBs per axon was calculated as follows: % dynamic = 100 × (#lost + #gained)/(total); % loss = 100 (#lost/total); % gain = 100(#gained/total). In this study, a total of 2678 putative EPBs were analyzed and each animal was considered an n within each group. The average number of putative EPBs that were scored for day 1 (i.e., day 1(EPB fold > 0.5 × std fold )) for each animal was not significantly different across groups (control: 174.3 ± 66.8, MMI: 145.7 ± 28.2, LT4: 167.3 ± 91.2; P = 0.84, Kruskal-Wallis (K-W) test).
Statistics
The unpaired t-test was used to test for differences in sera T4 levels between control and MMI or LT4 groups. One-way ANOVA on ranks (K-W test) was used to test for differences in branch tip length changes and EPB dynamics among the 3 groups. Group comparisons were determined a priori. A nonparametric bootstrap test (10 000 resampling iterations) was used to estimate the 95% confidence interval (CI) for the mean differences between groups in order to test the null hypothesis that the difference was 0. Bootstrap test P-values were calculated from the 95% CI as described (Altman and Bland 2011) . Differences between group distributions of axonal length changes were determined using the two-sample Kolmogorov-Smirnov test. Significance was set at P < 0.05, and all tests were performed using MATLAB.
Results
Mouse Models for Maternal Hypo-and Hyperthyroidism
While rat models for studying pre-and/or postnatal hypothyroidism are widely used, mouse models are not as common. Furthermore, rat and mouse models of prenatal hyperthyroidism are even less common and the effects of excessive T4 on neural development and long-term neural function are poorly understood. Therefore, we first sought to establish mouse models of prenatal hypo-and hyperthyroidism. MMI, which interferes with T3 and T4 synthesis by blocking the thyroperoxidase enzyme in the thyroid gland (Cooper et al. 1984) , has been widely used to induce hypothyroidism in both pre-and postnatal rats and is nonteratogenic in mice (Gilbert and Lasley 2013; Mallela et al. 2014) .
We first tested if daily MMI or LT4 administration could induce hypothyroidism or hyperthyroidism, respectively, in pregnant mice (Fig. 1A and Supplementary Tables 1 and 2 ). Overall, daily doses of MMI (20 mg/kg), LT4 (0.2 mg/kg), or vehicle administered from E6.5 to E18.5 did not cause any qualitatively noticeable changes in behavior in treated mice or their offspring. For control dams, 90% (26/29) gave birth after E18.5. The birth rate was similar for MMI-treated dams as 100% gave birth after E18.5 (22/22). In contrast, the birth rate was lower for LT4-treated dams, 69% (24/35) of which gave birth after E18.5 (31% gave birth 1-2 days earlier). However, the survival rate of the litters from pregnant dams in all groups that gave birth after E18.5 was similar across groups (control: 65% (17/26), MMI: 73% (16/22), LT4: 67% (16/24)). To test the effects of each drug on circulating total T4 (TT4) levels, we measured TT4 approximately midway through the treatment period (E13.5), at the end of treatment (E18.5), and 5 days postpartum (Fig. 1A) . MMI treatment caused a significant decrease in TT4 at E13.5 ( Fig. 1B; MMI: 2.27 ± 0.27 µg/dL, n = 7; control: 3.05 ± 0.16 µg/dL, n = 10; P = 0.018, unpaired t-test), but was not significantly different at E18.5 (MMI: 2.43 ± 0.41 µg/dL, n = 7; control: 2.94 ± 0.19 µg/dL, n = 10; P = 0.221, unpaired t-test). LT4-treatment caused a significant increase in TT4 at E13.5 ( Fig. 1B; 17.01 ± 1.55 µg/dL, n = 7; P < 0.0001, unpaired t-test vs. control) and E18.5 (10.34 ± 2.80 µg/dL, n = 5; P = 0.0020, unpaired t-test vs. control). The 26% decrease in TT4 at E13.5 in the MMI group was similar to decreases observed in pregnant rats at ∼E10 with a "low dose" of MMI (0.02% w/v; 1 ppm) or propylthiouracil (1 ppm) delivered via drinking water (Ahmed et al. 2010; Lasley and Gilbert 2011) . These values are consistent with mild maternal hypothyroidism. By day 5 postpartum, TT4 reached normal levels in both MMI and LT4 groups (control: 4.01 ± 0.40 µg/dL, n = 9; MMI: 4.13 ± 0.26 µg/dL, n = 7; LTF: 3.91 ± 0.63 µg/dL, n = 5; P = 0.918, unpaired t-test, control vs. MMI; P = 0.817, unpaired t-test, control vs. LT4).
To determine whether T4 levels were affected in neonate offspring, TT4 levels were measured in P5 pups from control, MMI, and LT4 groups. TT4 levels in MMI and LT4 pups were not significantly different from control pups ( Fig. 1B; control: 0.88 ± 0.10 µg/dL, n = 6; MMI: 1.15 ± 0.14 µg/dL, n = 5; LT4: 0.51 ± 0.21 µg/dL, n = 3; P = 0.144, unpaired t-test, control vs. MMI; P = 0.105, unpaired t-test, control vs. LT4). Together, these data show that MMI and LT4 administration during pregnancy cause transient hypo-and hyperthyroidism, respectively, during fetal development without affecting postnatal TT4 levels.
Opposing Effects of Prenatal Hypo-and Hyperthyroidism on the Stability of TC Axonal Branches
Previous studies have demonstrated that TH insufficiency during pre-and postnatal development can incur long-term consequences on the cellular composition (Plioplys et al. 1986; and anatomical structure of cortical axons Berbel et al. 1993; Lucio et al. 1997; Auso et al. 2001) . However, there is little or no information regarding the effects of maternal hypo-and hyperthyroidism on the ongoing structural stability of cortical axons. Therefore, we next sought to characterize the effect of prenatal TH levels on the steady-state dynamics of TC circuitry in V1 of adult mice by measuring changes in TC axonal branch tips. To do this, we first selectively labeled TC axons in V1 with a membrane-tagged GFP that enhances axonal labeling by targeted injection of LV-Syn-farGFP into the dLGN ( Fig. 2A-C) . Following 3-5 weeks of recovery, we began longitudinal imaging of TC axons (Fig. 2D,E) . In addition to post hoc histological confirmation, we were confident that imaged axons were indeed of TC origin due to the fact that they exhibited laminar-specific patterning of horizontal branches characteristic of TC axons, which were dense in layer 1 (down to ∼150-200 μm) and were reduced as the focal plane progressed ventrally until reaching deeper into layer 2/3 (∼300 μm) and layer 4 (∼400-450 μm) where the density of horizontally projecting branches was again increased, as can be seen in the representative image shown in Figure 2C . Furthermore, the absence of cell bodies in imaged areas provided further confirmation that injections were indeed restricted to the dLGN/thalamus, and that the axons in V1 were not of cortical origin.
To determine whether the density of labeled TC axons innervating layer 1 differed among groups, we estimated the density of labeled TC axons in the imaged volumes. While there was a noticeable increase in the variability of labeled TC axon density in the MMI group, there were no significant differences detected across all groups (Supplementary Fig. 1) .
To examine the steady-state dynamics of TC axon structure in V1, we quantified branch tip dynamics by measuring changes in the length of distal axon tips in 2 images separated by a 1-2 month interval (Fig. 3A) . Consistent with previous reports of steady-state TC axon dynamics monitored by two-photon imaging in somatosensory cortex, control TC axons exhibited both extensions and retractions of their branch tips, examples of which are shown in Figure 3A (De Paola et al. 2006) . Overall, there were significant differences in the net change of axonal branch tips between control and treatment groups (P = 0.026, K-W test; control, n = 261 branch tips from 3 mice; MMI, n = 116 branch tips from 4 mice; LT4, n = 220 branch tips from 3 mice) (Fig. 3B) . In control mice, the maximum branch extension was 79 µm and the maximum branch retraction was 200 µm. Overall, control mice exhibited a net reduction in axonal branch length (−4.52 ± 1.52 µm). In contrast, changes in MMI mice where the maximum branch extension was 120 µm and the maximum branch retraction was 80 µm culminated in an overall increase in axonal branch length, which was significantly different from control mice (4.07 ± 2.31 µm; P = 0.0019, 95% CI (−14.18, −3.38), bootstrap test; Fig. 3B ). Like control mice, LT4 mice also displayed an overall reduction in axonal branch length; however, the maximum branch extension was 104 µm and the maximum branch retraction was 574 µm, resulting in a significantly greater reduction of branch tip lengths than control mice (−17.08 ± 4.93 µm; P = 0.014, 95% CI (3.24, 23.36), bootstrap test; Fig. 3B ). The changes of overall axonal branch length between MMI and LT4 mice were also significantly different (P < 0.001 95% CI (11.21, 32.57), bootstrap test).
Axonal branches that exhibited changes in length above the measurement noise threshold (see Materials and Methods) were next sorted into groups of positive-or negative-going changes in length (i.e., extensions or retractions, respectively) and the means of each group were then calculated. As predicted by the net positive-going changes in branch tip lengths observed in the MMI group, axonal branches exhibited a significant increase in the magnitude of branch tip extensions (control-10.83 ± 1.60 µm, 30.65% of all branches; MMI-14.44 ± 3.04 µm, 41.38% of all branches; P = 0.031, 95% CI (−18.45, −1.56), bootstrap test; Fig. 3B ) with no significant difference in the magnitude of branch tip retractions relative to controls (control-23.01 ± 3.32 µm, 34.48% of all branches; MMI-16.13 ± 2.79 µm, 26.72% of all branches; P = 0.10, 95% CI (−1.39, 15.22), bootstrap test; Fig. 3C ). Consistent with the negative-going net changes in branch tip lengths in the LT4 group, there was no significant difference in the magnitude of branch tip extensions (13.27 ± 2.23 µm, 25.45% of all branches; P = 0.37, 95% CI (−7.99, 2.62), bootstrap test; Fig. 3C ), but there was a significant difference in the magnitude of branch tip retractions relative to controls (45.86 ± 10.27 µm, 44.55% of all branches; P = 0.035, 95% CI (−45.95, −3.53), bootstrap test; Fig. 3D ). In addition, while there was no significant difference in the magnitude of branch tip extensions between MMI and LT4 mice, the magnitude of branch tip retractions was significantly greater in LT4 mice compared with MMI mice (extensions: P = 0.14, 95% CI (−16.37, 1.76), bootstrap test; retractions: P = 0.0050, 95% CI (−51.90, −10.41), bootstrap test).
Although the magnitude of the majority (>60%) of branch tip changes for all groups was <10 µm, the magnitudes and frequencies of larger scale changes in branch tip lengths were greater for the MMI and LT4 groups. To determine whether large-scale changes in axonal branches were more prevalent in MMI and LT4 mice than in control mice, we compared the distribution of branches with length changes greater than the 50th percentile (Fig. 3E,F) . Both MMI and LT4 offspring exhibited significant differences from control offspring in the distribution of branch tip extensions that were well above σ noise (P < 0.001, control vs. MMI; P = 0.005, control vs. LT4; K-S test, Fig. 4E ). In addition, large-scale branch tip extensions occurred in MMI mice with significantly greater frequency than they did in LT4 mice (P = 0.02; K-S test, Fig. 4D ). However, there was no significant difference in the distribution of branch retraction lengths between MMI and control mice (P = 0.25, K-S test, Fig. 4E ). Furthermore, there was a significant difference in the distribution of branch retractions in LT4 mice relative to controls, which occurred with greater frequency in LT4 mice (P = 0.03, K-S test, Fig. 4E ). Finally, there was a significant difference in the distributions for the lengths of branch tip retractions between MMI and LT4 mice where the large-scale branch retractions occurred with greater frequency in LT4 mice (P = 0.04, MMI vs. LT4; K-S test, Fig. 4E ).
Overall, these results demonstrate that both prenatal hypoand hyperthyroidism are associated with a change in the steady-state dynamics of TC axonal branch structure in adult V1. Together, the data suggest that the growth of distal TC axonal branches (and new synapses/connections) occurred on a larger scale in MMI mice relative to controls whereas larger portions of distal TC axonal branches (and synapses/ connections) were lost with greater frequency in LT4 mice than in control mice. 
Prenatal Hypo-and Hyperthyroidism are both Associated with Enhanced EPB Dynamics on TC Axons
To determine whether the differential effects of prenatal hypoand hyperthyroidism on the stability of distal TC axonal branch tips (and their associated synapses) extend to synapses along more proximal regions of axonal branches, we next characterized the turnover of EPBs along spared portions of these axons in MMI and LT4 mice (Fig. 4A-C) . We first compared the percentage of dynamic EPBs (i.e., those lost or gained between imaging sessions) for each group (Fig. 4D) . The majority (74-92%) of classified boutons for all groups were stable. However, there was a significant difference in the proportion of dynamic EPBs across groups, which was increased in both the MMI and LT4 groups compared with controls (control: 8.3 ± 1.2%; MMI: 24.1 ± 2.7%; LT4: 12.2 ± 1.3%; P = 0.027, K-W test; Fig. 4D ). In addition, the percentage of dynamic EPBs was significantly greater in MMI mice versus LT4 mice (P < 0.001, 95% CI (6.95, 16.42), bootstrap test). Among these dynamic EPBs, there was a significant increase in the percentage lost between imaging sessions in MMI mice compared with control mice (control: 5.5 ± 2.1%, MMI: 12.3 ± 1.0%; P < 0.001, 95% CI (−0.10, −0.0027), bootstrap test; Fig. 4E ). In contrast, the percentage of EPBs lost between imaging sessions in LT4 mice (5.7 ± 0.5%) was not significantly different from control mice (P = 0.92, 95% CI (−0.029, 0.040), bootstrap test; Fig. 4E) . Furthermore, the percentage of lost EPBs was significantly greater in MMI mice than in LT4 mice (P < 0.001, 95% CI (0.047, 0.083), bootstrap test). However, both MMI and LT4 mice exhibited a significant increase in the percentage of EPBs gained between imaging sessions relative to control mice (control: 2.9 ± 1.8%; MMI: 11.8 ± 3.3%; LT4: 6.5 ± 0.8%; P = 0.004, 95% CI (−0.144, −0.023) control vs. MMI; P = 0.02, 95% CI (−0.066, −0.0047) control vs. LT4; bootstrap tests; Fig. 4F ), but were not significantly different from each other (P = 0.052, 95% CI (−0.0095, 0.098), bootstrap test).
Together, these results demonstrate that like distal branch tips, EPBs along more proximal TC axonal regions displayed a change in steady-state dynamics in prenatally hypo-and hyperthyroid adult mice, which was revealed by a decrease in their stability between imaging sessions.
Discussion
To our knowledge, this is the first study to examine and compare the long-term effects of prenatal hypothyroidism and hyperthyroidism on a specific neocortical circuit. While our mouse model of prenatal hypothyroidism was consistent with mild maternal hypothyroidism, we were still able to detect significant effects on the stability of TC axons in these mice. In addition, the fact that we observed significant effects of maternal hyperthyroidism on TC axonal structure in adult offspring supports the idea that excessive maternal T4 does indeed adversely affect fetal levels and/or neural development (Porreco and Bloch 1990; Burrow et al. 1994; Luton et al. 2005; Stagnaro-Green and Pearce 2012) . Interestingly, the lower birthrates observed in our mouse model of prenatal hyperthyroidism (Supplementary  Table 1 ) mirrors the increased incidence of miscarriages in women with hyperthyroidism during pregnancy (StagnaroGreen and Pearce 2012). A major finding of this study is that both hypo-and hyperthyroidism restricted to prenatal development negatively affected steady-state structural dynamics of TC axons in the adult neocortex. In addition, our results suggest that TC synaptic stability is differentially affected between the 2 conditions. Hypothyroid offspring displayed structural changes to TC axons that were indicative of excessive synaptic growth. In contrast, hyperthyroid offspring displayed changes indicative of excessive synaptic loss (Fig. 5) . While further studies are required to determine the functional impact of the excessive TC synapse loss we observed in this study, our findings reinforce the notion that hypothyroidism should be carefully managed during pregnancy, and that hyperthyroidism (e.g., Graves' disease) may warrant the same attention (Davidson et al. 1991; Burrow et al. 1994; Bongers-Schokking and de Muinck KeizerSchrama 2005; Luton et al. 2005; Stagnaro-Green and Pearce 2012) .
The majority of cortical connections becomes stable as the brain matures through an increase in synaptic tenacity, which is a feature of cortical circuits essential for preserving learned functions and behavioral adaptations (Minerbi et al. 2009 ). However, the adult neocortex does maintain a relatively small yet functionally significant fraction of synapses pervious to change (Gogolla et al. 2007; Holtmaat and Svoboda 2009) . For example, TC axonal structure and connectivity are sensitive to changes in cortical excitability caused by sensory deprivation (Oberlaender et al. 2012) . It is possible that early effects of hypo-and hyperthyroidism cause long-term changes in the excitability of cortical neurons and networks, which in turn disrupts the structural stability of TC circuitry in adulthood. γ-Aminobutyric acid levels were shown to increase and decrease in rat models of perinatal hypo-and hyperthyroidism, respectively (Ahmed et al. 2010) . This observation lead the authors to suggest that overall excitability in the adult brain could be decreased by insufficient TH levels and increased by excessive TH levels. However, severe perinatal hypothyroidism in rats causes lasting reductions in the densities of parvalbumin-positive interneuron processes and puncta in neocortex, suggesting that the excitability of cortical neurons may be enhanced (Berbel et al. 1996) . In addition, excitability could be further altered by abnormal white matter development.
TH directly regulate the expression of key genes involved in oligodendrocyte differentiation and function (Ibarrola and Rodriguez-Pena 1997; Barradas et al. 2001; Dugas et al. 2012) . Further, hypothyroidism in rodents (Malone et al. 1975; Walters and Morell 1981) and humans (Gupta et al. 1995; Jagannathan et al. 1998 ) is accompanied by reductions in white matter, and myelin development is accelerated in hyperthyroid rats (Walters and Morell 1981) . In vivo electrophysiological or calcium imaging studies of spontaneous and stimulus-driven neural activity and detailed morphological examination of axons in V1 could help shed light on how cortical activity and/or neuronal excitability is affected by perturbations in prenatal T4 levels.
It is important to consider how changes in TC input on the scale we observed in this study could impact cortical function. Detailed neuroanatomical studies show that TC synapses account for a relatively small fraction ( < 15% of synapses out of thousands) of synapses on individual visual cortical neurons (Ahmed et al. 1994) . Despite this apparent scarcity of synaptic input, TC synapses exert a strong influence on cortical activity (Bruno and Sakmann 2006; Schoonover et al. 2014) . Indeed, even a rather modest decrease in TC synaptic density is sufficient to cause significant functional response depression in mouse V1 that results in behavioral impairment (Iny et al. 2006; Coleman et al. 2010; Khibnik et al. 2010) . Moreover, since mouse TC axons contain an estimated 2-3 boutons/10 μm, branch retractions or extensions in the range of 10-20 μm would culminate in significant synaptic turnover (Tettoni et al. 1998) . When further combined with the increases in EPB dynamics that were observed in hypo-and hyperthyroid offspring, it is likely that hundreds of synaptic connections per axon were affected. Thus, the increased structural changes observed for hypo-and hyperthyroid offspring would be expected to have a significant functional impact in V1, even if these changes were limited to a subset of axonal branches (e.g., 25%-50% of an estimated 200 branches/axon). However, more detailed anatomical studies are required to determine the extent to which synapses are affected in other . Model summarizing the opposing effects of prenatal hypo-and hyperthyroidism on TC axonal branch and EPB steady-state dynamics in adult V1. The probability of TC synapse losses or gains is schematized for each experimental group. TC synapses are more likely to be lost in mice with prenatal hypo-(Hypo/MMI) or hyperthyroidism (Hyper/LT4) versus control mice (Norm/VEH). However, the prevalence of large-scale branch retractions is greater in mice with prenatal hyperthyroidism as synapse loss was only mediated by smaller-scale changes in EPBs for mice with prenatal hypothyroidism. The probability of TC synapse addition through the growth of distal branches and EPB growth on more proximal regions is increased in both mice with prenatal hypo-and hyperthyroidism. However, the probability of gaining new synapses is greatest in mice with prenatal hypothyroidism due to a significant increase of branch growth over control mice. cortical layers, especially layer 4 where TC synapses are most concentrated.
Together, our findings raise the possibility that sensory processing and learning deficits associated with prenatal hypoand hyperthyroidism result from more than just static defects in cortical architecture, but also from accumulating and persistent defects in synaptic stability and steady-state dynamics in cortical circuits (Minerbi et al. 2009; Fisher-Lavie et al. 2011; Berbel et al. 2014; Deisseroth 2014; Gunaydin et al. 2014) . There is some indication from the data presented here that steadystate dynamics of TC synapses may be altered in an attempt to compensate for synaptic loss through the addition of new synapses, which appears to occur on a larger scale in hypothyroid offspring (Fig. 5) . While such apparent compensation could serve to ameliorate functional deficits, it is equally likely to underlie maladaptive changes in the circuitry that could exacerbate deficits in neural function and/or plasticity (Deisseroth 2014) . The latter scenario is consistent with clinical findings that pre-and postnatal hypothyroidism is associated with persistent deficits in contrast sensitivity, visual processing, and visuomotor and visuospatial abilities in humans (Mirabella et al. 2000 (Mirabella et al. , 2005 Zoeller and Rovet 2004; Simic et al. 2013) .
TC input to layer 1 of V1 presumably targets the spines of apical dendritic tufts of pyramidal neurons from most or all cortical layers (Petreanu et al. 2009; Rubio-Garrido et al. 2009; Cruikshank et al. 2012) . In addition to relaying core visual information, these inputs are thought to be crucial for feedback interactions in cerebral cortex that underlie cognitive processes such as associative learning and attention (Sjostrom and Hausser 2006; Gilbert and Sigman 2007; Cruz-Martin et al. 2014 ). Thus, it is possible that a steady net loss of layer 1 TC synapses over the lifetime of hypo-and hyperthyroid offspring progressively degrades feedback required for proper processing of visual information relayed to "higher" cortical areas. It is also possible that overall activation of V1 is weakened by reduced synaptic drive from TC input, which in itself could serve to increase synaptic turnover (Bastrikova et al. 2008; Becker et al. 2008; Hofer et al. 2009; Coleman et al. 2010; Wiegert and Oertner 2013) .
In conclusion, our in vivo observations suggest that prenatal hypo-and hyperthyroidism can cause persistent, maladaptive changes to circuitry involved in the early stages of sensory processing and plasticity in the neocortex. Further, the models developed here lay the groundwork for future studies that can take full advantage of the transgenic capabilities in mice (e.g., using cell-specific Cre lines to selectively label subpopulations of neurons for imaging). Interestingly, our findings support the concept of fetal programming by early hypo-and hyperthyroidism (Andersen et al. 2015) , which may serve to prime the brain for psychiatric disease including schizophrenia (Santos et al. 2012; Gyllenberg et al. 2015) and autism spectrum disorder Andersen et al. 2015) . It is noteworthy that results from a recent genome-wide association study point to excessive synaptic pruning as a key neurobiological mechanism of schizophrenia (Sekar et al. 2016) . Additional studies are warranted to link atypical changes in synaptic connectivity in hypo-and hyperthyroid offspring to functional deficits as well as learning, behavior and disease, studies for which the mouse visual system is well suited (Keller et al. 2012; Gavornik and Bear 2014; Cooke et al. 2015) .
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